Introduction
A microstrip reflectarray antenna utilizes a planar array of printed patch elements and a conventional prime or offset feed to form an alternative to the parabolic reflector [1] . It transforms the spherical wave of the feed into the planar wave by employing microstrip patch elements as radiators and phase shifters. Due to the use of planar technology, it offers a good balance between conventional reflector antennas and phased arrays. Because it uses many radiating elements it provides flexibility with respect to radiation pattern formation [2] [3] [4] . Its disadvantage is a limited operational bandwidth, which for the case of moderate gain is mainly due to a limited phase range and a high phase slope of the elements. In the wave transformation process, a full phasing range of 360° is desirable for unit cells containing patch elements. However, a variable size patch antenna developed on a single layer substrate offers a phasing range of about 300°. To overcome this problem, multilayer substrates including stacked variable-size patches for phasing the unit cells of a reflectarray have been devised to extend the phase range to multiples of 360°. The multi-layer approach with stacked patches not only extends the phase range but also reduces the slope of the phase curve as a function of patch dimensions [5] [6] . However, the use of multi-layer substrates means that in practice layers of the reflectarray have to be manufactured separately and the assembly should leave no air gaps. This results in an elaborate and expensive manufacturing process. To overcome this problem, printed double-ring elements to form a single-layer reflectarray have been proposed. The double rings improve the phasing range of unit cells by utilizing multi-resonance behaviour. The extended range for unit cells containing double-ring elements has been demonstrated for the case of normal (TEM) wave incidence [7] . The assumption of normal incidence is less accurate for peripheral elements. Therefore in [8] , TE and TM waves were considered to obtain an oblique incidence to obtain more accurate phasing characteristics of unit cells.
In this paper, double-ring circular elements are employed to obtain an 81-element singlelayer square shaped reflectarray with an increased operational bandwidth. The size and widths of circular rings are carefully chosen to achieve both an extended phasing range and a gentle phase slope to reduce phase errors over an increased bandwidth. The design takes into account TE and TM wave incidence to provide more accurate results for unit cell phasing curves. To obtain the radiation pattern, full-wave EM simulations using CST Microwave Studio are carried out. The CST simulated results are compared with those calculated using the formula employing an array of unit cells described in [1] .
Double Ring Phasing Elements
The proposed reflectarray is assumed to be formed by unit cells containing double rings arranged in a square lattice with periodicity of 15mm, equivalent to 0.6 wavelength (0.6λ) at 11.5 GHz. The design of unit cells follows the guidelines described in [7] [8] . The unit cell is assumed to be in an infinite periodic array of identical elements. The Frequency Solver of CST Microwave Studio is used to obtain unit cell phase characteristics. During simulations periodic boundary conditions for the incidence angles of 0°, 10°, 20° and 30° for TEM, TE or TM polarizations are assumed. These simulations produce a set of curves for the reflection coefficient phase of TEM, TE or TM incident waves as a function of the unit cell phasing element size. By adopting these boundary conditions better approximation and more accurate phasing results for elements of the microstrip reflectarray are obtained. The only elements for which still less accurate results are expected are those at the edge of reflectarray where the periodicity assumption is invalid. The configuration of the unit cell is illustrated in Fig1. The double rings are assumed to be printed on a thin dielectric substrate with ε 2 = 2.2, and thickness of 0.508mm backed up by a thick foam layer of ε 1 =1.06 and 6.35mm thickness to achieve slow phasing slope at the expenses of reducing the phasing range. In the design stage, the dimensions of the double ring unit cell are varied until both the linear phase response and the required phase range of at least 360° are obtained. The size ratio of the two rings R1/R2 and width of the rings (ΔW) of 0.7 and 0.1*R1 respectively achieved the required phase characteristics. The phasing-outer radius (R1) curve obtained from this configuration is shown in It can be seen in Fig.2 , the phase range of the double ring element is approaching 450°, regardless of incidence angle, which is larger than the minimum required range of 360°. In addition, a gentle slope is achieved in the phase response. A linear phase response is seen for radius (R1) range from 3.0 to 5.5 mm, which offers a sufficient phasing tolerance for bandwidth enhancement. The TE and TM curves are similar for a given incidence angle except in the region (R1 of 3.0 to 4.5 mm). These TE/TM phasing differences were taken into account while designing the 81-element array described in the next section.
Full Wave EM Simulations and Analysis
The configuration of the single layer reflectarray with 81 (9*9) elements arranged in a square is shown in Fig 3. The array elements are assumed to be separated by a distance of 15mm (0.6 wavelengths at 11.5 GHz). The proposed reflectarray is assumed to be illuminated by a conical horn feed with a radius of 21.5mm at the aperture. With the help of CST Microwave Studio, the size of this conical horn was optimized to obtain a minimum gain variation over the frequency band of 11.0 to 12.0 GHz. According to the aperture size of the full array (D=135mm), the focal distance F of 135mm for the feed is chosen to optimize the bandwidth performance. The full simulation of the combination of the conical feed horn and reflectarray has been conducted in CST 2009 suite's Time Domain Solver in a server of 8 cores' CPU and 34GB RAM. The whole simulations took three hours of computing time. To reduce the computation time, the symmetry of the reflectarray and the feed horn was used. In order to benchmark the simulation results, the radiation pattern was also determined using the formula in [1] . This formula treats the reflectarray as an array of unit cells with the given amplitude taper and phase distribution. Fig.4 shows the radiation pattern of the reflectarray in the principal E plane which has been as obtained from CST and Matlab simulations [1] at the center frequency of 11.5GHz. It can be seen that the formula described in [1] gives a good agreement with CST simulations with respect to the main beam and the first side lobe level. The main beam width in both patterns is approximately 8°, and first side lobe is at about -15dB. Due to the small number of elements in the proposed reflectarray, the higher side lobe level is not well predicted by the formula given in [1] because the side elements carry phase errors (they do not behave as in an infinite array). The radiation patterns at the center frequency (11.5GHz), lower (11.2GHz), and upper (11.8GHz) edges of the band are compared in Fig 5. It can be seen that the antenna's pattern remains fairly the same all over the band. The reflectarray gain as a function of frequency is shown in Fig 6 . Depicted on the same Fig. 6 is the gain of the feed horn, which is almost constant gain over a bandwidth of about 1.7GHz. From Fig.6 , it is apparent that the reflectarray gain is approximately flat between 10.5 and 11.25GHz and varies in the remaining region of 11.25 GHz to 12.0 GHz. The overall results indicate that the reflectarray can be used for wideband applications.
Conclusion
A full design of an X-band single-layer reflectarray formed by 81 elements in the form of double circular rings has been presented. The simulated performance of the proposed antenna confirms that this type of antenna with multiple resonance elements features good radiation pattern and increased gain bandwidth.
